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A container for fuel cells is made from an iron aluminide
alloy. The container alloy preferably includes from about
13 to about 22 weight percent Al, from about 2 to about 8
weight percent Cr, from about 0.1 to about 4 weight percent M
selected from Zr and Hf, from about 0.005 to about 0.5 weight
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containment vessels for solid oxide fuel cells, as a replacement
for stainless steel alloys which are cumently used.
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IRON ALUMINIDE ALLOY CONTAINER
FOR SOLID OXIDE FUEL CELLS

GOVERNMENT RIGHTS

The United States government has certain rights in this invention pursuant
to Contract Nos. DE-FC21-91MC28055 and DE-AC05-960R22464 awarded by the
United States Department of Energy.

FIELD OF THE INVENTION

The present invention relates to containers for fuel cells, and more

particularly relates to solid oxide fuel cell containers made of iron aluminide alloys.

BACKGROUND INFORMATION

Fuel cells are among the most efficient of power generation devices. One
type of solid oxide fuel cell (SOFC) has a projected 70 percent net efficiency when used
in an integrated SOFC-combustion turbine power system in which the turbine combustor
is replaced by a SOFC. Conventional SOFCs operate with various hydrocarbon fuel
sources. For example, the SOFCs may operate directly on natural gas at about 1000°C,
without the need for external reforming of the natural gas, i.e., the high operating
temperature results in internal reforming of the natural gas to H, and CO.

An individual fuel cell element of a conventional SOFC design consists of
a closed end porous strontium-doped lanthanum manganite tube, which serves as the
support structure for the individual cell and is also the cathode or air electrode of the
cell. A thin, gas-tight yttria-stabilized zirconia electrolyte covers the air electrode
except for a relatively thin strip of an interconnection surface, which is a dense gas-tight

layer of magnesium-doped lanthanum chromite. This strip serves as the electric
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contacting area to an adjacent cell or, alternatively, to a power contact. A porous
nickel-zirconia cermet layer, which is the anode, or fuel electrode, covers the
electrolyte, but not the interconnection strip. Exemplary fuel cells are disclosed in U.S.
Patent Nos. 4,431,715 to Isenberg, 4,490,444 to Isenberg, 4,562,124 to Ruka,
4,631,238 to Ruka, 4,748,091 to Isenberg, 4,791,035 to Reichner, 4,833,045 to Pollack
et al., 4,874,678 to Reichner, 4,876,163 to Reichner, 5,108,850 to Carlson et al.,
5,258,240 to Di Croce et al., and 5,273,828 to Draper et al., each of which is
incorporated herein by reference.

Conventional SOFC electric generators consist of a containment vessel in
which are housed an array of series-parallel electrically connected cells to form
submodules, which in trn are further combined in series or parallel connections to form
the generator module. Depending on the electrical capacity of the generator module, the
number of cells may vary from a few hundred to several thousand individual cells.
These modules are equipped with ancillary equipment such as air delivery tubes to each
cell and are housed in a metal container equipped with fuel and air delivery systems as
well as an exhaust port for unused fuel and excess air.

The SOFC generator container is simultaneously exposed to oxidizing and
reducing gas atmospheres. In operation, the wall temperature is about 650°C, although
excursions of perhaps 100-150°C could occur during the operation. This dual gas
atmosphere presents a greater corrosion challenge to the container than does exposure to
either flowing air, the environment outside the container, or fuel (CH,, CO, H,, CO,,
H,0), the environment inside the container. The most widely used SOFC container
material is stainless steel AISI 304. Corrosion that occurs to such fuel cell containers
can significantly limit the performance and lifetime of a fuel cell system.

The present invention has been developed in view of the foregoing, and to

address other deficiencies of the prior art.

SUMMARY OF THE INVENTION

The present invention provides a SOFC containment vessel comprising an

iron aluminide alloy. The iron aluminide alloy possesses significantly improved
corrosion resistance at elevated temperatures in both oxidizing and reducing

environments present simultaneously during operation of fuel cells.
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The present invention provides a containment structure for SOFCs which
enables longer service life compared with conventional containment materials. The
SOFC container comprises an iron aluminide alloy which houses an assemblage of solid
oxide fuel cells, and which also contains gases during operation of the fuel cell.

An object of the present invention is to provide a container for a fuel cell
comprising an iron aluminide alloy including Fe, from about 13 to about 22 weight
percent Al, from about 2 to about 8 weight percent Cr, from about 0.1 to about 4
weight percent of a boride-forming or carbide forming reactive metal such as Zr or Hf,
up to about 0.5 weight percent B, and up to about 1 weight percent C.

Another object of the present invention is to provide a method of
fabricating a fuel cell container. The method includes the steps of providing iron
aluminide alloy component parts of the fuel cell container, and joining the iron
aluminide alloy component parts together.

Another object of the present invention is to provide a method of
operating a fuel cell generator. The method includes the steps of providing a container
comprising an iron aluminide alloy, providing a plurality of fuel cells inside the
container, providing a reducing atmosphere inside the container in contact with the iron
aluminide alloy, and providing an oxidizing atmosphere outside the container in contact
with the iron aluminide alloy.

These and other objects of the present invention will be more apparent

from the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a perspective view of a solid oxide fuel cell container in
accordance with an embodiment of the present invention.
Fig. 2 is an elevational view of a solid oxide fuel cell which may be
housed inside a container in accordance with an embodiment of the present invention.
Fig. 3 is a graph showing total elongation for an iron aluminide alloy with
varying amounts of Zr and C.
DESCRIPTION OF THE PREFERRED EMBODIMENT

In accordance with the present invention, a solid oxide fuel cell (SOFC)

container is provided. The SOFC is an electricity-generating device that operates at
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high temperatures and employs natural gas or other hydrocarbons as a fuel. The natural
gas or other fuel is preferably reformed in-situ, and the resultant H, and CO are
involved in electrochemical cell reactions with oxygen ions produced from an air stream.
The SOFC produces electrical power as well as high temperature exhaust gas. The
SOFC is typically a ceramic system made of a plurality of individual fuel cells arrayed
into an assembly to create an electrical generator. In one type of SOFC, the fuel gas
circulates on the outside of the array of fuel cells. The fuel gas must be maintained at
the appropriate stoichiometry, temperature and pressure conditions to permit the fuel cell
system to operate properly. The container for the assemblage of fuel cells is a metallic
structure which also assures containment of the fuel gas.

Fig. 1 illustrates a solid oxide fuel cell generator 10 including a
container 12. The container 12 includes sidewalls 13 and 14, a top 15, and a
bottom 16. Fuel F is delivered to the generator 10 by a fuel inlet tube 17. Air A is
delivered to the generator 10 by an air inlet manifold 18. Exhaust gas E is removed
from the generator 10 by an exhaust outlet tube 19. An array. of fuel cells 22 is
mounted inside the container 12.

As shown in Fig. 2, each fuel cell 22 has a tubular shape with an open
upper end and a closed bottom end. Fuel F supplied through the fuel inlet tube 17 flows
through a perforated plate 24 and contacts the outside surface or fuel electrode of each
fuel cell 22. Air A supplied through the inlet manifold 18 flows into each fuel cell 22
via an air insertion tube 23. The air insertion tubes 23 are supported by an upper plate
26. The upper end of each fuel cell 22 extends through a lower plate 25. The lower
and upper plates 25 and 26 form a combustion zone 27. Depleted fuel 28 flowing
through the lower plate 25 and depleted air 29 flowing from the interior of the fuel
cell 22 combine in the combustion zone 27 where they are combusted. The combustion
products form the exhaust gas E, which is removed from the generator 10 by the exhaust
tube 19.

During operation of the SOFC generator 10, the container material 12 1s
simultaneously exposed to an oxidizing gas atmosphere on its exterior and a reducing
gas atmosphere on its interior, i.e., a dual gas atmosphere. This dual gas atmosphere

presents a formidable environmental compatibility challenge to the container material.
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In operation, the fuel cell temperature is typically from about 500 to about 800°C,
usually about 1,000°C, and the container temperature is typically about 650°C.

In accordance with the present invention, the iron aluminide SOFC
container alloy preferably comprises from about 13 to about 22 weight percent Al, from
about 2 to about 8 weight percent Cr, from about 0.1 to about 4 weight percent M
wherein M is a boride-forming or carbide-forming reactive metal selected from Zr and
Hf, from about 0.005 to about 0.5 weight percent B and/or from about 0.001 to about 1
weight percent C, and the balance Fe and incidental impurities. More preferably, the
iron aluminide alloy comprises from about 15 to about 18 weight percent Al, from about
4 to about 6 weight percent Cr, from about 0.1 to about 1.5 weight percent Zr, and
from about 0.005 to about 0.02 weight percent B or from about 0.002 to about 0.02 C.
Most preferably, the iron aluminide alloy comprises from about 15 to about 17 weight
percent Al, from about 4.5 to about 5.5 weight percent Cr, from about 0.15 to about 1
weight percent Zr, and from about 0.007 to about 0.012 weight percent B or from about
0.005 to about 0.012 C. A particularly preferred alloy comprises Fe-15.9A1-5.5Cr-
0.15Zr-0.01B, in weight percent. Another particularly preferred alloy comprises Fe-
15.9A1-5.5Cr-1.0Zr-0.01C, in weight percent. The present alloys may comprise boron,
carbon, or a combination thereof. The addition of C may be preferred for certain
applications because the presence of carbon may improve the weldability of the alloys.
The preferred, more preferred and most preferred compositional ranges of Fe-Al-Cr-Zr-
B and Fe-Al-Cr-Zr-C alloys in accordance with embodiments of the present invention

are shown in Table 1.
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Table 1

Compositional Ranges (Weight Percent)

Al Cr Zr B C Fe
Preferred 13-22 2-8 0.1-4 0.005-1 0.001-1 balance
More 15-18 4-6 0.1-1.5 0.005-0.02 0.002-0.02 balance
Preferred
Most 15-17 4.5-5.5 0.15-1 0.007-0.012 0.005-0.012 balance
Preferred

By controlling the amounts of Fe and Al in the present alloys, a specific
intermetallic compound is preferably formed. The iron aluminide alloys may have Al
levels in the range of from about 13 to about 22 weight percent. In this range of Al, the
Fe and Al primarily form the compound Fe;Al. The Fe;Al intermetallic phase has an
ordered DO, crystal structure up to a temperature of 540°C. Above 540°C, the DO,
structure changes to a lesser ordered structure known as B2. At still higher temperature,
e.g., greater than 900°C, the B2 structure becomes a completely disordered structure
known as o phase. Above about 1450°C, the alloy melts. The crystal structure of the
present alloys may be equiaxed and single phase. However, in certain compositions,
some precipitates such as ZrC or other carbides or borides may be uniformly distributed.

In accordance with the present invention, the presence of Cr as an
alloying addition provides resistance to aqueous corrosion at room temperature and
reduces SOFC environmental effects of hydrogen embrittlement which causes decreased
room temperature ductility. Hydrogen embrittlement results from the generation of
hydrogen from the reaction of Al in the alloy with moisture in the air according to the
formula 2A1 + 3H,0 - ALO, + 6H. Other elements such as Mn may be used in
addition to or in place of Cr. However, Cr alloying additions are preferred.

The use of a reactive boride-forming or carbide-forming metal such as Zr
or Hf results in the formation of carbide or boride precipitates which help with grain
refinement. Furthermore, zirconium alloying additions help to increase the oxide scale
resistance to spalling under thermal cycling conditions associated with SOFC operations.
Without the addition of Zr, the Al,0, scale has been found to spall off when the

specimen or component is cooled from high SOFC service temperatures to room
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temperature. Zirconium further improves room temperature ductility, probably through
the reduction of the environmental hydrogen embrittlement effect.

Boron enhances grain boundary strength, and combines with reactive
elements such as Zr to form zirconium borides and the like.

Carbon combines with reactive elements such as Zr to form zirconium
carbides and the like. In addition, carbon enhances weldability.

The present alloys preferably have sufficient Zr or other reactive metal M
for substantially all of the available C or B to react therewith to form carbides, e.g.,
ZrC or borides, e.g., ZrB,. The amount of M is preferably provided in stoichiometric
excess of the amount necessary to form the boride and/or carbide precipitates. For
example, a ratio of 1:1 for Zr/C indicates a stoichiometric balance where all of the Zr
and C are present as ZrC. A ratio of 10:1 means that there is a significant excess of Zr
over that needed to form ZrC. The ratios of 20:1 and 40:1 reflect even higher excesses
of Zr than needed to form ZrC. While not intending to be bound by any particular
theory, it is believed that the alloy properties can be affected by the following possible
factors. Extra Zr being present as solid solution may reduce the environmental
embrittlement at room temperature through the minimization of hydrogen formation
through the reaction 2Al + 3H,0 — ALLO, + 6H. The Zr may also benefit through the
combination of damaging atomic hydrogen to lesser damaging molecular hydrogen. The
presence of zirconium carbides or borides such as ZrC may also refine the grain size of
the present alloys, thereby improving ductility. However, an excess of, for example,
ZrC precipitates may actually lower the ductility through poor decohesion strength of
ZrC to the matrix.

The preferred Zr to C ratio was determined through conventional melting,
processing, and mechanical property testing of eight alloys. The alloy compositions and
room-temperature tensile ductility after a 700°C per hour heat treatment followed by oil
quenching are given in Table 2. The tensile data for the eight alloys are given in Tables
3 through 10.
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An important property of the present alloys is room-temperature ductility.
Elongation values are plotted as a function of net available Zr (in atomic percent) in
Fig. 3. Fig. 3 also identifies the Zr/C ratios of the alloys. For a Zr/C ratio of 10:1,
Fig. 3 shows the maximum ductility value of 11.6 percent. Peak ductility is achieved
with about 0.5 atomic percent Zr (about 1 weight percent Zr). Thus, Fig. 3 shows that
a Zr to C ratio of 10:1 with Zr equal to about 1 weight percent and C equal to 0.01
weight percent gives the highest ductility.

The SOFC container of the present invention may comprise a sheet or
plate of the iron aluminide alloy having a typical thickness of from about 1 to about 20
mm, preferably from about 2 to about 10 mm, and more preferably from about 3 to
about 6 mm. The entire thickness of the plate preferably comprises the iron aluminide
alloy. Alternatively, the iron aluminide alloy may be provided as a surface layer on the
interior and/or exterior surface of the SOFC containment vessel. For example, the iron
aluminide alloy may be clad to another metal such as low alloy steels or ferritic stainless
steel having a similar coefficient of thermal expansion as the iron aluminide alloy.

The iron aluminide alloy plate may be formed by conventional metal
working processes or powder metallurgy techniques. The iron aluminide SOFC
containment vessel of the present invention may be fabricated by welding component
parts of the container together, such as the side, top and bottom sections shown in Fig.
1. Suitable welding techniques include manual gas tungsten arc, and automated gas
tungsten arc. For high quality welds a preheat of up to 200°C and postweld heat treat
of 700°C.

In tests using a dual atmosphere with simultaneous exposure to reducing
and oxidizing gases at 640°C, superior oxidation behavior (metal loss, oxide adherence,
etc.) of the iron aluminide alloy over AISI 304L stainless steel is demonstrated. The
present iron aluminide alloys provide the potential for dramatic improvements in
lifetimes of SOFC containers.

The improved corrosion resistance of the present iron aluminide SOFC
containment alloys may be due to the formation of an alumina-based surface oxide layer
that forms on the iron aluminide, compared with the chromia-based surface oxide layer
which forms on conventional type 304 stainless steel. The lower growth rate of the

aluminum oxide reduces metal loss. In contrast, the formation of chromium oxide and
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unprotective iron oxide base scale leads to further corrosion and metal loss of stainless
steel under SOFC operating conditions. The iron aluminide alloys of the present
invention have outstanding corrosion resistance in oxidizing atmospheres, reducing
atmospheres and simultaneous oxidizing and reducing gas atmospheres. Upon exposure
to oxidizing SOFC environments, the Zr of the present alloys may be concentrated at the
base metal/surface oxide interface. It is believed that Zr enrichment at the metal/oxide

interface may be responsible for its improved resistance to spallation of the surface oxide

_under SOFC thermal cycling conditions.

Experiments conducted under simulated SOFC operating conditions
compared the performance of type 304 stainless steel and an iron aluminide alloy of the
present invention designated FAL having a composition of Fe-15.9Al-5 .-SCr-O.ISZr-
0.01B, in weight percent. The results shown in Table 11 indicate dramatically superior
perfdrmance of the iron aluminide alloy. Table 11 provides a comparison of the
performance of the alloys under SOFC container conditions after 500 h exposure at
650°C in flowing air atmospheres on both sides of tubular specimens. The data of
Table 11 demonstrate superior performance of the FAL alloy in air, and the dramatically

superior performance of the FAL in the SOFC dual gas atmosphere.

Table 11

Oxidation Behavior of Iron Aluminide Alloy (FAL) versus Stainless Steel
(AISI 304L) Under Dual Atmosphere Conditions

Oxidant gas Air

Reducing gas N,-45%H, (room temperature
humidification)

Exposure temperature 650° C

Exposure time 500 h (five thermal cycles of 100 h
duration each)

Metal loss on AISI 304L >40 pm

Metal loss on iron aluminide alloy FAL <1 pm
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_ Whereas particular embodiments of this invention have been described
above for purposes of illustration, it will be evident to those skilled in the art that
numerous variations of the details of the present invention may be made without

departing from the invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. A container for a fuel cell comprising an iron aluminide alloy
including Fe, from about 13 to about 22 weight percent Al, from about 2 to about 8
weight percent Cr, from about 0.1 to about 4 weight percent M wherein M is at least
one metal selected from Zr and Hf, and up to about 1 weight percent of at least one
element selected from B and C.

2. The container of Claim 1, wherein M is Zr.

3. The container of Claim 2, wherein the iron aluminide alloy
comprises from about 15 to about 18 weight percent Al, from about 4 to about 6 weight
percent Cr, from about 0.1 to about 1.5 weight percent Zr, from about 0.005 to about
0.02 weight percent B or from about 0.002 to about 0.02 weight percent C, and the
balance Fe and incidental impurities.

4. The container of Claim 3, wherein the iron aluminide alloy
comprises from about 15 to about 17 weight percent Al, from about 4.5 10 about-5.5
weight percent Cr, from about 0.15 to about 1.0 weight percent Zr, from about 0.007 to
about 0.012 weight percent B or from about 0.005 to about 0.012 weight percent C, and
the balance Fe and incidental impurities.

5. The container of Claim 2, wherein the iron aluminide alloy
comprises about 15.9 weight percent Al, about 5.5 weight percent Cr, about 0.15 weight
percent Zr, about 0.01 weight percent B, and the balance Fe and incidental impurities.

6. The container of Claim 2, wherein the iron aluminide alloy
comprises about 15.9 weight percent Al, about 5.5 weight percent Cr, about 0.15 weight
percent Zr, about 0.01 weight percent C, and the balance Fe and incidental impurities.

7. The container of Claim 1, wherein the iron aluminide alloy 1s

provided in plate form.
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8. The container of Claim 7, wherein the plate has a thickness of
from about 2 o0 about 10 mm. ‘

9. The container of Claim 1, wherein the iron aluminide alloy

comprises a surface oxide layer comprising aluminum.

10. The container of Claim 1, wherein the iron aluminide alloy is
resistant to corrosion when exposed to a temperature of from about 500 to about 800°C.

11.  The container of Claim 9, wherein the iron aluminide alloy is
resistant to corrosion when a surface of the iron aluminide alloy is exposed to a reducing
gas and another surface of the iron aluminide alloy is exposed to an oxidizing
atmosphere. |

12. A method of fabricating a fuel cell container comprising:

providing iron aluminide alloy cémponent parts of a fuel cell
container comprising an iron aluminide alloy including Fe, from about 13 to about 22
weight percent Al, from about 2 to about 8 weight percent Cr, from about 0.1 to about
4 weight percent M wherein M is at least one metal selected from Zr and Hf, and from
about 0.005 to about 0.5 weight percent B or from about 0.001 to about 1 weight
percent C; and
joining the iron aluminide alloy component parts together.

13. The method of Claim 12, wherein M is Zr.~

14.  The method of Claim 13, wherein the iron aluminide alloy
comprises from about 15 to about 18 weight percent Al, from about 4 to about 6 weight
percent Cr, from about 0.1 to about 1.5 weight percent Zr, from about 0.005 to about
0.02 weight percent B or from about 0.002 to about 0.02 weight percent C, and the
balance Fe and incidental impurities.

15.  The method of Claim 13, wherein the iron aluminide alloy
comprises from about 15 to about 17 weight percent Al, from about 4.5 to about 5.5
weight percent Cr, from about 0.15 to about 1.0 weight percent Zr, from about 0.007 to
about 0.012 weight percent B or from about 0.005 to about 0.012 weight percent C, and
the balance Fe and incidental impurities. '

16.  The method of Claim 13 wherein, the iron aluminide alloy
comprises about 15.9 weight percent Al, about 5.5 weight percent Cr, about 0.15 weight

percent Zr, about 0.01 weight percent B, and the balance Fe and incidental impurities.
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17. The method of Claim 12, wherein the iron aluminide alloy is
provided in plate form.

18. The method of Claim 17, wherein the plate has a thickness of from
about 2 to about 10 mm.

19. The method of Claim 12, wherein the iron aluminide alloy
component parts are joined by welding.

20. A method of operating a fuel cell generator comprising:

providing a container comprising an iron aluminide alloy;

providing a plurality of fuel cells inside in the container;

providing a reducing atmosphere inside the container in contact
with the iron aluminide alloy; and

providing an oxidizing atmosphere outside the container in contact
with the iron aluminide alloy.

21.  The method of Claim 20, wherein the iron aluminide alloy
comprises from about 13 to about 22 weight percent Al, from about 2 to about 8 weight
percent Cr, from about 0.1 to about 4 weight percent M wherein M is at least one metal
selected from Zr and Hf, from about 0.005 to about 0.5 weight percent B or from about
0.001 to about 1 weight percent C, and the balance Fe and incidental impurities.

22.  The method of Claim 21, wherein M is Zr.

23.  The method of Claim 20, wherein the iron aluminide alloy
comprises from about 15 to about 18 weight percent Al, from about 4 to about 6 weight
percent Cr, from about 0.1 to about 1.5 weight percent Zr, from about 0.005 to about
0.02 weight percent B or from about 0.002 to about 0.02 weight percent C, and the
balance Fe and incidental impurities.

24.  The method of Claim 20, wherein the iron aluminide alloy
comprises from about 15 to about 17 weight percent Al, from about 4.5 to about 5.5
weight percent Cr, from about 0.15 to about 1.0 weight percent Zr, from about 0.007 to
about 0.012 weight percent B or from about 0.005 to about 0.012 weight percent C, and

the balance Fe and incidental impurities.
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25.  The method of Claim 20, wherein the iron aluminide alloy is
provided in plate form.

26.  The method of Claim 25, wherein the plate has a thickness of from
about 2 to about 10mm.

217. The method of Claim 20, wherein the iron aluminide alloy
comprises a surface oxide layer comprising aluminum.

28.  The method of Claim 20, wherein the iron aluminide alloy is
exposed to a temperature of from about 500 to about 800°C during operation of the fuel
cell.

29. The method of Claim 20, wherein the container is welded.

30.. The method of Claim 20, wherein the fuel cells comprise solid

oxide fuel cells.
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